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     Various types of electrolyze water (EW) could be generated by electrolysis of 
dilute sodium chloride (NaCl) solution or dilute hydrochloric acid (HCl) as shown in 
Table 1 [1]. Of these listed in the table, all types of EW except strong alkaline EW exert 
potent antimicrobial activity because of the presence of hypochlorous acid (HClO). In 
Japan, strong acid EW and slightly acid EW were approved as a food additive in 2002. 
There are two types of EW generator available. These are a single chamber type 
generator in which the anode and cathode is not separated, and a two-chamber type 
generator in which the anode and cathode are separated by an ion-permeable diaphragm. 
Fig. 1 shows a schematic illustration of a two-chamber type generator in which NaCl 
solution is used as an electrolyte. Regarding practical application, strong acid EW 
(termed as AEW hereafter) which is produced by electrolysis in the anode side of an 
generator, has been used mainly in the agricultural field as a disinfectant in farm and 
food hygiene [2-9], and the medical field as disinfection of medical instruments such as 
dialyzers [10], patient-used endoscopes [11], and dentures [12], because of the potent 
antimicrobial potential of AEW [13-17]. The antimicrobial activity of AEW might be 
the result of the combined effects of the oxidation–reduction potential (ORP) and pH 
[18] because the characteristic values of AEW such as low pH (2.7 or lower) and high 
ORP (+1100 mV or higher) deviate from the tolerable range for microbial growth (pH 
3–10, ORP +900–400 mV) proposed by Becking et al. [19].  
To date, the main contributors to the antimicrobial activity of AEW have been 
thought to be HClO with a low pH, and a high ORP [20]. Some studies have also 
suggested that HClO, as an undissociated form of HClO, penetrates microbial cell 
membranes and subsequently achieves its antimicrobial action through oxidation of key 
metabolic enzymes [21-23]. Since HClO is a week acid, HClO is dissociated to ClO－ 
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and H+ dependently on the pH. That is, the dissociation constant (pKa) of HClO is 7.53 
at 18℃ indicating that the ratio of HClO and ClO－ becomes 1:1 at pH 7.53, and when 
pH becomes lower than 7.53 the ratio of HClO increases. In addition, since bacterial 
cell wall is negatively charged, the undissociated form of HClO penetrates into bacterial 
cells but ClO－ does not, so that the undissociated HClO is regarded as a major 
contributor of AEW as illustrated in Fig. 2.  
 
 
Table 1 Various types of electrolyzed water (EW) 
 
 
 
Fig. 1  
Schematic illustration for the two-chamber type EW generator 
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Fig. 2  
Schematic illustration for the antimicrobial activity of the undissociated form of 
hypochlorous acid (HClO) 
 
Beside the undissociated form of HClO, the hydroxyl radical (˙OH), an oxygen 
radical species, is often suggested as a putative active ingredient for AEW antimicrobial 
activity as illustrated in Fig. 3 [1, 24]. However, no clear evidence has been obtained for 
oxygen free radicals or reactive oxygen species as putative contributors to the 
antimicrobial activity of AEW [23]. Thus, the present studies were conducted to 
examine 1) if ˙OH is present in AEW and is a major contributor for antibacterial activity 
of AEW (Chapter I), 2) antimicrobial mechanism of AEW in relation to the possible 
involvement of ROS including ˙OH by using Candia albicans as a test microorganism 
(Chapter II), and 3) cytotoxic mechanism of AEW in relation to the possible 
involvement of ROS including ˙OH by using mouse fibroblast as a test mammalian cell 
(Chapter III).   
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   Fig. 3    
Schematic illustration for putative antibacterial action of AEW 
Modified from reference [1] 
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ChapterⅠ 
Determination of reactive oxygen species 
(ROS) in AEW 
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1-1. Introduction 
 
As described in the General Introduction, in addition to the undissociated form 
of HClO, ˙OH is often suggested as a putative active ingredient for AEW antimicrobial 
activity as illustrated in Fig. 3 [1, 24].  However, no clear evidence has been obtained 
for oxygen free radicals as putative contributors to the antimicrobial activity of AEW. In 
a study where an ESR spin-trapping technique was applied to AEW using two spin traps, 
5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 
N-[(1-oxido-4-pyridinio)methylene]-t-butylamine N-oxide, the spin adducts of ˙OH 
were observed when electrolyte was dissolved in tap water but not observed in pure 
water [25]. The authors speculated that ˙OH would be derived from sulfate ion in tap 
water. By contrast, in a similar study where the ESR spin-trapping technique was used 
to analyze AEW, no detectable spin adducts of oxygen free radicals were observed [26]. 
More in detail, the addition of DMPO to AEW generated an ESR signal from 
5,5-dimethyl-2-pyrrolidone-N-oxyl (DMPOX) but not ESR signals from DMPO-OH 
(a spin adduct of DMPO and a ˙OH) and DMPO-OOH (a spin adduct of DMPO and a 
superoxide anion), suggesting that HClO oxidizes the spin-trap DMPO, with the 
formation of DMPOX. In a recent review article, it was also proposed that bactericidal 
activity of AEW is mainly dependent on available chlorine in the form of HClO and 
molecular chlorine (Cl2), but not radicals [27]. In the present study, we hypothesized 
that a proton, molecular oxygen, and an electron generated through electrolysis of the 
electrolyte solution in the anode side can result in the formation of hydrogen peroxide 
(O2 + 2H+ + 2e－ → H2O2) and subsequently ˙OH. To confirm the presence of hydrogen 
peroxide (H2O2) and the ˙OH, I used a combination of an ESR spin-trapping technique 
and a Fenton reaction, which can be used as a tool for determining H2O2 [28]. 
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1-2. Materials and Methods 
 
1-2-1. Reagents 
 
Reagents were purchased from the following sources: DMPO from Labotec 
(Tokyo, Japan), H2O2 from Santoku Chemical Industries (Tokyo, Japan), TEMPOL 
from Sigma Aldrich (St. Louis, MO, USA), NaCl, FeSO4, dimethyl sulfoxide (DMSO), 
and sodium formate (HCOONa) from Wako Pure Chemical Industries (Osaka, 
Japan).All the reagents used were of analytical grade. 
 
1-2-2. Preparation of acid electrolyzed water (AEW) 
 
Two different concentrations of NaCl solutions [0.1 and 1% (w/v)] were 
electrolyzed for 15 min using a batch-type electrolyzed water generator (Mini Super 
Water JED-007, Altec Janix, Kanagawa, Japan) at a regular AC voltage of 100 V and a 
rated current of 0.6 A. The characteristic values of the resultant AEWs were determined 
using a pH/ORP meter (D-53, Horiba Ltd., Kyoto, Japan) for pH and ORP, and a 
residual chlorine meter (HI95771, Hanna Instruments JAPAN, Tokyo, Japan) for 
residual chlorine (combined available chlorine+free available chlorine) concentrations. 
In some cases, the resultant AEW was subjected to one or two further electrolysis 
procedures. Since dissolved oxygen could be a key for the source of H2O2, quantitative 
analysis of dissolved oxygen in AEW was also conducted using an oxygen sensor 
(Microx TX3, PreSens, Regensberg, Germany) in a separate experiment. The AEW 
stability was also examined after storage for 1 h at room temperature under 
light-shielding conditions. 
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1-2-3. Determination of ˙OH by ESR spin-trapping technique 
 
An aliquot (180 µL) of AEW was mixed with 20 µL of 8.9 M DMPO for 10 s. 
Immediately after mixing, the mixture was transferred to an ESR spectrometry cell, and 
the ESR measurements were started after 30 s on an X-band ESR spectrometer 
(JES-FA-100; JEOL, Tokyo, Japan). Regarding the concentration of DMPO, since the 
half-life of ˙OH is extremely short as 10-7 s or less [29, 30], sufficient concentration of 
DMPO is necessary to trap all the ˙OH generated. Our previous study revealed that 300 
mM or more DMPO is necessary to trap several dozen µM ˙OH [31], so that DMPO at 
the final concentration of 890 µM was used in the present study. TEMPOL (20 µM) was 
used as a standard sample to calculate the concentration of DMPO-OH, a spin adduct of 
DMPO and a ˙OH. The measurement conditions were as follows: field sweep, 330.50 to 
340.50 mT; field modulation frequency, 100 kHz; field modulation width, 0.1 mT; 
amplitude, 200; sweep time, 2 min; time constant, 0.03 s; microwave frequency, 9.420 
GHz; microwave power, 4 mW. All experiments were performed in triplicate at room 
temperature. 
 
1-2-4. Induction of Fenton reaction as a tool for determination of hydrogen 
peroxide 
 
To determine the H2O2 in AEW, ferrous iron was added to the AEW to induce a 
Fenton reaction. An aliquot (180 µL) of AEW was mixed with 20 µL of 8.9 M DMPO 
and 20 µL of 0.5 mM FeSO4 for 10 s. Immediately after mixing, the mixture was 
transferred to an ESR spectrometry cell, and the ESR measurements were started after 
30 s on an X-band ESR spectrometer. To quantitatively analyze the H2O2 in AEW, H2O2 
solutions of given concentrations were prepared, and 180 µL of each H2O2 solution was 
10 
 
mixed with 20 µL of 8.9 M DMPO and 20 µL of 0.5 mM FeSO4 for 10 s, followed by 
ESR analysis as described above, to obtain a calibration curve for H2O2. For statistical 
analysis of the H2O2 concentrations, Tukey–Kramer’s multiple comparison test for 
pairwise comparisons was conducted. P values of < 0.05 were considered significant. 
 
1-2-5. Effects of ˙OH scavengers and fetal bovine serum (FBS) on bactericidal 
activity of AEW and free available chlorine concentration in AEW 
 
Stock culture strains of Staphylococcus aureus JCM 2413, Escherichia coli JCM 
5491, and Bacillus subtilis JCM 1465 were purchased from Japan Collection of 
Microorganisms, RIKEN BioResource Center (Wako, Japan). S. aureus and E. coli were 
cultured on brain–heart infusion (BHI) agar (Becton, Dickinson Company, Sparks, MD, 
USA) at 37℃ overnight. B. subtilis, a spore forming bacterial species cultured on BHI 
agar at 37℃ for 1 week, was harvested, heated at 65℃ for 30 min, and then stored at 
4℃ until assayed. Then the bacterial cells were suspended in sterile physiological saline 
at 1.0–3.0 × 108 cells/mL as an inoculum. Ten microliters of each inoculum were mixed 
with 1 mL of AEW for 5 to 10 s against S. aureus and E. coli, and for 10 min against B. 
subtilis. Then the mixture was diluted 10 times with BHI broth, and 200 µL of the 
diluted mixture was further incubated on a BHI agar plate at 37℃ for 2 d for 
determining the number of viable bacterial cells. Involvement of ˙OH in the bactericidal 
activity of AEW was assessed by examining the effects of ˙OH scavengers, DMSO and 
HCOONa. One hundred microliters of 14 M DMSO or 1 M HCOONa were added to 
890 µL of AEW, followed by addition of 10 µL of the bacterial suspension. Then the 
bactericidal tests were similarly performed. In addition, to confirm whether the 
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bactericidal activity of AEW depends on HClO, the bactericidal activity of AEW was 
similarly examined in the presence of 10% (w/v) FBS (Life Technologies Corp., 
Carlsbad, CA, USA) since the bactericidal activity of AEW could be attenuated by 
organic materials such as proteins and amino acids through rapid transformation of free 
available chlorine into N-chloro compounds [32]. To confirm that HCOONa does not 
possess antibacterial potential, 100 mM HCOONa instead of AEW was similarly 
subjected to the bactericidal tests. Furthermore, to examine the relationship between the 
bactericidal activity and degradation of HClO, the concentrations of free available 
chlorine, including Cl2, HClO, and ClO－, in AEW with 1.4 M DMSO, 100 mM 
HCOONa, or 10% (w/v) FBS were determined by the 
N’.N’-diethyl-p-phenylenediamine (DPD) standard method [33, 34]. 
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1-3. Results 
 
1-3-1. Characteristic values and ESR analysis of AEW 
 
The characteristic values of AEW obtained by single and repeated electrolyses of 
0.1% (w/v) NaCl solution and 1% (w/v) NaCl solution are summarized in Tables 3 and 
4, respectively. In the case of single electrolysis of 0.1% (w/v) NaCl solution, the pH, 
ORP, and residual chlorine concentration were 2.43, 1179 mV, and 66 mg/L, 
respectively. When AEW from 0.1% (w/v) NaCl solution was subjected to up to two 
more electrolyses, the pH tended to decrease, and both the ORP and the residual 
chlorine concentration tended to increase. Similar tendencies were observed in AEW 
from 1% (w/v) NaCl solution, with apparently higher concentrations of residual 
chlorine than those from 0.1% (w/v) NaCl solution. In a separate experiment where 
dissolved oxygen was determined in AEW, irrespective of the NaCl concentrations as 
the electrolyte, dissolved oxygen concentrations increased with the number of 
electrolysis from approximately 0.25 to 0.35 mM under the identical conditions to those 
in Tables 3 and 4. Representative ESR spectra of the AEWs described in Tables 3 and 4 
are shown in Fig. 4. In the AEW from 0.1% (w/v) NaCl solution obtained by single and 
double electrolyses, no clear signal from DMPO-OH was detected. However, a 
DMPO-OH like signal, possibly with a DMPOX signal, appeared after three 
electrolyses. When 1% (w/v) NaCl solution was used as the electrolyte solution, a clear 
signal from DMPO-OH was detected in the AEW, especially that obtained by triple 
electrolyses, and the concentration of DMPO-OH was calculated to be 6.2 µM, using 20 
µM 4-hydroxy-2,2,6,6-tetramethylpiperidine (TEMPOL) as a standard. The spin adduct 
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DMPO-OH was assigned using hyperfine coupling constants (hfcc). The hfccs are 
aH=aN= 1.49 mT, which coincide with those of the DMPO-OH adduct reported in a 
previous paper [35]. Since the half-life of a ˙OH is extremely short [29, 30, 36], there is 
a possibility that the radical disappears rapidly. Thus, to determine whether the ˙OH 
remains in the AEW after electrolysis, AEW obtained by triple electrolyses was stored 
for 1 h at room temperature under light-shielding conditions. Representative ESR 
spectra of the AEW immediately and 1 h after the third electrolysis are shown in Fig. 5. 
The DMPO-OH signal was detected even after storage for 1 h. 
 
Table 2 Characteristic values of AEW obtained from 0.1% NaCl solution 
The number of 
electrolysis 
pH ORP (mV) Residual chlorine* 
concentration 
(mg/l) 
1 2.43 1179 66 
2 2.29 1194 124 
3 2.14 1202 180 
Each value represents the mean of duplicate determinations. 
* Residual chlorine is consisted of combined available chlorine and free available 
chlorine. 
 
Table 3 Characteristic values of AEW obtained from 1% NaCl solution 
The number of 
electrolysis 
pH ORP (mV) Residual chlorine* 
concentration 
(mg/l) 
1 2.51 1167 230 
2 2.31 1179 390 
3 2.16 1184 500 
Each value represents the mean of duplicate determinations. 
* Residual chlorine is consisted of combined available chlorine and free available 
chlorine. 
14 
 
 
 
 
 
 
 
Fig. 4    
ESR spectra of AEW from single and repeated electrolyses of 0.1% and 1% (w/v) 
NaCl solutions. 
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Fig. 5    
ESR spectra of AEW from triple electrolyses of 1% (w/v) NaCl solution. Spectra 
immediately after production and after 1-h storage at room temperature under 
light-shielding conditions are shown. 
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1-3-2. Induction of Fenton reaction to determine hydrogen peroxide 
 
One of the putative origins of ˙OH is H2O2. To determine the presence of H2O2, 
FeSO4, as a source of ferrous ions, was added to AEW to induce a Fenton reaction, as 
shown in the following equation: 
H2O2 + Fe2+ →˙OH ＋ OH－ + Fe3+ 
The ESR spectrum of AEW immediately after single electrolysis of 1% (w/v) NaCl 
solution and the spectrum after the addition of FeSO4 are shown in Fig. 6. The addition 
of FeSO4 (final concentration 45 µM) resulted in the appearance of a clear signal from 
DMPO-OH. To estimate the amount of ˙OH in the AEW, a calibration curve was 
prepared using given concentrations of H2O2 solutions, followed by the addition of 
FeSO4 and ESR determination of DMPO-OH (Fig. 7a). As shown in Fig. 7b, in which 
the concentrations of H2O2 in the AEWs are summarized, approximately 45 µM H2O2 
was present in the singly electrolyzed AEW, and larger amounts of H2O2 were detected 
in the repeatedly electrolyzed AEWs (77 and 101 µM in the doubly and triply 
electrolyzed AEWs, respectively). 
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Fig. 6   
ESR spectra of AEW prepared by single electrolysis of 1% NaCl solution. Spectra 
in the absence and presence of FeSO4 are shown. 
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Fig. 7   
Determination of hydrogen peroxide (H2O2) concentrations. Calibration curve for 
determining H2O2 concentration (a) and H2O2 concentrations in AEW prepared 
by single and repeated electrolyses of 1% NaCl solution (b). Each value in the 
graph in (b) represents the mean ± standard deviation (n = 3). Tukey–
Kramerʼs multiple comparison test was conducted for the H2O2 concentrations. 
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1-3-3. Effects of ˙OH scavengers and fetal bovine serum (FBS) on the bactericidal 
activity of AEW and free available chlorine concentration in AEW 
 
To examine whether the major contributor to the bactericidal activity of AEW is 
the ˙OH, ˙OH scavengers were added to AEW, followed by bactericidal assay against S. 
aureus, E. coli, and B. subtilis, a spore forming bacterial species (Fig. 8). AEW prepared 
by single electrolysis of 0.1% (w/v) NaCl solution killed S. aureus and E. coli within 5–
10 s, and B. subtilis within 10 min with at least three logarithmic reductions of viable 
bacterial cells. Although the addition of 100 mM HCOONa did not destroy the 
bactericidal activity of the AEW, the addition of 1.4 M DMSO destroyed the activity. 
The addition of FBS (10%, w/v of final concentration) completely destroyed the activity 
of the AEW. If HCOONa has antibacterial potential rather than ˙OH scavenging activity, 
similar result would be obtained. Thus, antibacterial effect of HCOONa was examined. 
As a result, 100 mM HCOONa showed no bactericidal activity against the three 
bacterial species (data not shown). To examine whether the ˙OH scavengers and FBS 
interfere with HOCl, the free available chlorine concentration was determined (Fig. 9). 
A close relationship was observed between the effects on the bactericidal activity and on 
the free available chlorine concentration;  
100 mM HCOONa did not affect the concentration of free available chlorine, whereas 
both 1.4 M DMSO and 10% (w/v) FBS reduced the concentration to a non-detectable 
level (< 0.01 mg/L). ESR spectra showing the effects of 100 mM HCOONa on the 
DMPO-OH signal observed in AEW obtained by the triple electrolyses of 1% (w/v) 
NaCl solution are shown in Fig. 10. The addition of 100 mM HCOONa reduced the 
signal to a non-detectable level. 
20 
 
 
 
 
 
Fig. 8    
Effects of ˙OH scavengers and fetal bovine serum on AEW bactericidal activity 
and free available chlorine concentration. DMSO and HCOONa were used as 
hydroxyl radical scavengers. FBS stands for fetal bovine serum. The AEW was 
prepared by single electrolysis of 0.1% (w/v) NaCl solution. Each value 
represents the mean+standard deviation (n = 2 or 3). 
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Fig. 9   
Effects of ˙OH scavengers on free available chlorine concentration in AEW. 
DMSO and HCOONa were used as ˙OH scavengers. FBS stands for fetal bovine 
serum. The AEW was prepared by single electrolysis of 0.1% (w/v) NaCl solution. 
Each value represents the mean+standard deviation (n=2 or 3). 
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Fig. 10    
ESR spectra of AEW prepared by triple electrolyses of 1% NaCl solution. Spectra 
in the absence and presence of HCOONa are shown. 
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1-4. Discussion 
 
It is suggested that the increase in the amount of HClO in the AEW depended 
not only on the number of electrolyses but also on the concentration of NaCl, because 
the pH values decreased and both the ORP values and residual chlorine concentrations 
increased on repeated electrolysis (Tables 2 and 3), and in particular, the residual 
chlorine concentration significantly increased as a result of increasing the concentration 
of NaCl. The ESR analyses of the AEWs shown in Tables 2 and 3 reveal that the 
intensity of the DMPO-OH signal was clearly augmented each time the electrolysis of 
1% NaCl solution was repeated (Fig. 4). Furthermore, despite the extremely short 
half-life of the ˙OH (less than 10-7 s in a liquid) [29, 30, 36], DMPO-OH was detected 
even after storage for 1 h under light-shielding conditions (Fig. 5), suggesting that ˙OH 
was continuously formed in the AEW after electrolysis. This finding seems to support 
the idea that H2O2 exists in AEW as a source of ˙OH. To confirm this idea, FeSO4 was 
added to AEW to induce a Fenton reaction. As shown in Fig. 6, the addition of FeSO4 
resulted in augmentation of the DMPO-OH signal intensity in AEW, indicating that the 
amount of ˙OH increased as a result of a Fenton reaction between H2O2 and ferrous ions. 
To estimate the amount of H2O2 in the AEW, a calibration curve was prepared with 
different concentrations of H2O2 solutions, followed by induction of a Fenton reaction 
(Fig. 7a). As a result, the amount of H2O2 increased with each electrolysis (Fig. 7b), 
which was consistent with the amount of ˙OH, as indicated by the increase in the 
DMPO-OH signal intensity when 1% (w/v) NaCl solution was repeatedly electrolyzed 
(Fig. 4). These results support the idea that H2O2 is a source of hydroxyl radicals in 
AEW. Based on the results for AEW obtained by triple electrolyses of 1% (w/v) NaCl 
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solution (Figs. 4 and 7b), a ˙OH concentration of around 6 µM was estimated to be 
generated from 100 mM H2O2. Since it was confirmed that dissolved oxygen was 
present in AEW at around 0.25 to 0.35 mM level which would be substantial for the 
formation of around a dozen to 100 µM H2O2, H2O2 would be originated from dissolved 
oxygen. Further study is needed to clarify the involvement of dissolved oxygen in the 
H2O2 formation. Regarding the active agents in AEW, it was confirmed that HClO, but 
not the ˙OH, is a major contributor to the bactericidal activity of AEW. Both DMSO and 
HCOONa can scavenge ˙OH [32, 37-39], but the former canceled the activity of AEW, 
whereas the latter did not (Fig. 8). Since HCOONa did not exert bactericidal effect, 
direct interaction of HCOONa with the bacterial species tested would be negligible. 
This conflicting result is probably attributable to the interaction of DMSO and HClO, 
since the addition of DMSO, but not of HCOONa, resulted in the complete depletion of 
free available chlorine in AEW (Fig. 9). Similarly to DMSO, FBS canceled the activity 
of AEW (Fig. 8), and this was also probably attributable to the depletion of free 
available chlorine, as reported in previous studies [33, 40] in which the bactericidal 
activity of AEW was shown to be correlated with the concentration of HClO. The 
studies also revealed that the activity was shown to be attenuated in the presence of 
organic materials such as proteins and amino acids through quick transformation of free 
available chlorine into N-chloro compounds.  
The present study clearly revealed the presence of H2O2 in AEW, which in turn 
results in ˙OH formation. However, although ˙OH can exert potent bactericidal activity, 
as shown in our previous studies [41, 42], where ˙OH generated by photolysis of H2O2 
exerted potent bactericidal activity against various pathogenic bacterial species, the 
major contributor in AEW is HClO, not the ˙OH, since HCOONa, a ˙OH scavenger, 
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failed to cancel the bactericidal activity of AEW, even though it reduced the DMPO-OH 
signal to a nondetectable level (Fig. 10). In contrast, DMSO and FBS canceled the 
bactericidal activity of AEW, accompanied by the complete depletion of free available 
chlorine, suggesting that the bactericidal activity was destroyed as a consequence of 
degradation of HClO by both FBS and DMSO. 
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ChapterⅡ 
Involvement of ROS in inhibition of 
microbial growth by AEW 
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2-1. Introduction 
 
In addition to the agricultural and medical fields, recent studies showed the 
possible applications of AEW to various fields. It was reported that AEW could be used 
to improve hygiene of drinking water for dairy ewes [43], to sterilize biologic scaffolds 
with retaining their bioactivity for regenerative medicine in addition to its high 
efficiency for cell remnant removal [44], and to manage chronic rhinosinusitis by nasal 
irrigation [45]. 
Regarding the potent oxidative power of AEW in relation to its antimicrobial 
potential, although the ˙OH, an oxygen radical species, is often suggested as a putative 
active ingredient for AEW antimicrobial activity [24], my study as described in the 
Chapter I demonstrated that H2O2 is present in AEW as a source of ˙OH, but the 
antimicrobial activity of AEW does not depend on the radical [46]. I also demonstrated 
that the main contributor to the antimicrobial activity of AEW is most likely HClO. In 
addition to direct microbicidal activity of AEW, a recent study revealed that AEW may 
affect host immune defense system. That is, AEW could induce human β-defensin-2, a 
major family of cationic antimicrobial peptides, in oral epithelial cells [47]. 
Besides the bactericidal effect, diluted AEW is expected to inhibit the growth of 
remaining microorganisms that escaped the lethal effect. The lag of bacterial and fungal 
regrowth after a short-term exposure to antimicrobial agents is known as the 
postantibiotic effect (PAE) and postantifungal effect (PAFE), respectively [48–53]. 
Although the terms PAE and PAFE were originally used for antibiotics and antifungals, 
the similar effect of disinfectants and antiseptics is also designated as PAE and PAFE 
[53–56]. Regarding the PAE of disinfectants, it was reported that chloramine T, 
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mandelic acid, chlorhexidine, and povidone-iodine induced PAE against nine bacterial 
pathogens, such as Staphylococcus epidermidis, Staphylococcus aureus, and 
Enterococcus faecalis, following a 2-min treatment with sublethal conditions [55]. We 
have recently reported that a disinfection treatment by photolysis of H2O2 induces PAE 
in S. aureus and Streptococcus salivarius even though they were treated for only 10–30 
s [57]. Because the active ingredient of the disinfection treatment is thought to be ˙OH 
the PAE is likely induced by a chemical injury, and the resynthesis of macromolecules 
for repair, which is a slow process, becomes required. As is the case with ˙OH, which 
causes lipid peroxidation and oxidative damage to DNA, RNA, and proteins [58–60], 
diluted AEW is expected to delay the microbial regrowth because HClO, an active 
ingredient of AEW, nonspecifically oxidizes several cell structures consisting of 
macromolecules. 
Oral candidiasis is a clinical fungal infection that is the most common 
opportunistic infection of the human oral cavity [61]. Several studies have applied AEW 
to oral hygiene [12, 62–64], and AEW was proven effective for the treatment of oral 
candidiasis [62]. However, because salivary proteins attenuate the microbicidal efficacy 
of AEW in the oral cavity [63], it is critical to examine the sublethal effect of AEW on 
Candida albicans, a major pathogen of oral candidiasis. The purpose of this study was 
to evaluate the PAFE-like activity of AEW under sublethal conditions by exposing C. 
albicans to dilute AEW. 
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2-2. Materials and methods 
 
2-2-1. Fungus 
 
Candida albicans JCM 1537 was purchased from the Japan Collection of 
Microorganisms, RIKEN BioResource Center (Wako, Japan). A fungal suspension was 
prepared in sterile physiological saline from a culture grown on sabouraud dextrose agar 
(SDA) consisting of 40 g/L dextrose, 10 g/L peptone, and 20 g/L agar at 37℃ for 24 h. 
The fungal suspension was prepared at the time of use to be approximately 1 × 107 cells. 
 
2-2-2. Preparation of AEW 
 
Preparation of AEW and determination of the characteristic values of the resultant 
AEW were essentially identical to those described in the Chapter I. Twofold serial 
dilutions of AEW were then prepared with pure water. The pH, ORP, and residual 
chlorine concentration of the undiluted AEW were 2.2–2.7, ≥1100 mV, and 50–60 mg/L, 
respectively. The concentrations of free available chlorine, including Cl2, HClO, and 
ClO-, in undiluted AEW determined by the N,N’-diethyl-p-phenylenediaminestandard 
method [33] were almost the same range of total residual chlorine concentration (50–60 
mg/L). We also checked the concentration of H2O2 in the undiluted AEW determined by 
the colorimetric method based on the peroxide-mediated oxidation of Fe2+ followed by 
the reaction of Fe3+ with xylenol orange [65]. The concentration was around 100–200 
µM, which is non-toxic level against C. albicans. When AEW was diluted, the residual 
chlorine concentration decreased in proportion to the dilution rate. The pH increased 
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gradually with the dilution rate and the pH of AEW diluted 64 times became more than 
4.0. The ORP decreased gradually with the dilution rate and the ORP of AEW diluted 64 
times became less than 900 mV. 
 
2-2-3. Growth curve evaluation after a short-term exposure to dilute AEW 
 
The growth curve analysis of C. albicans after a 10-s exposure to the 2-fold serial 
dilutions of AEW was performed by measuring the optical density of the fungal 
suspension at 595 nm (OD595) with time. It was confirmed that the linear relationship 
was obtained between the number of C. albicans cells and OD595 at least within a 
range of 0–0.3 of OD595. An aliquot (0.5 mL) of C. albicans suspension in sterile 
physiological saline was mixed with 2 mL pure water or 2-fold serial dilutions of AEW 
for 10 s. Then the reaction was terminated by the addition of 0.5 mL fetal bovine serum 
(FBS, Life Technologies Corp., Carlsbad, CA, USA) because the bactericidal activity of 
AEW could be abolished by organic materials such as proteins and amino acids through 
the rapid transformation of free available chlorine into N-chloro compounds [33]. The 
suspension was centrifuged (3000 rpm for 10 min), and the resultant pellet was washed 
with sterile physiological saline. The washing procedure was repeated twice. The pellet 
was then resuspended in 3 mL RPMI 1640 medium buffered with 0.165 M 
morpholinopropanesulfonic acid (MOPS, pH 7.0). An aliquot (300 µL) of the sample 
was transferred to a well of a 96-well culture plate. Immediately after the addition of the 
sample, the plate was placed in a microplate reader (FilterMax F5, Molecular Devices, 
Sunnyvale, CA, USA) with the temperature control at 37℃, and the OD595 was 
recorded. The OD595 was measured every 60 min until the control culture reached 
stationary phase. It was confirmed that the morphology of C. albicans observed by an 
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inverted microscope was almost yeastlike. Since pseudomycelium was observed for the 
rare occasion, we judged that effect of pseudomycelium on the OD595 was negligible. 
All tests were performed in triplicate (three independent assays). In an experiment 
where the effect of dimethyl sulfoxide (DMSO; Wako Pure Chemicals, Osaka, Japan), a 
potent scavenger of ˙OH [32, 37-39], on the growth curve of C. albicans was examined, 
the fungal cells were treated in the same way as described. The resultant pellet was 
resuspended in 3 mL RPMI 1640 medium buffered with 0.165 M MOPS containing 100 
mM DMSO. An aliquot (300 µL) of the sample was transferred to a well of a 96-well 
culture plate to monitor the fungal growth as described above. To confirm the fungicidal 
effect of dilute AEW, a culture experiment was also conducted to determine the number 
of viable fungal cells. Immediately after the treatment of C. albicans with dilute AEW, a 
C. albicans suspension was prepared as described above. Then, 10-fold serial dilutions 
of the C. albicans suspension were prepared using sterile physiological saline, and 10 
µL of each dilution was seeded onto SDA. After culture at 37℃ for 48 h, the number of 
viable cells/mL was determined. All of the tests were performed in duplicate (two 
independent assays). 
 
2-2-4. Evaluation of colony growth on agar plates after the short-term exposure to 
dilute AEW 
 
The fungal growth after exposure to the dilute AEW was also examined using 
agar medium. The fungal suspension of C. albicans was treated with pure water or the 
2-fold serial dilutions of AEW for 10 s as described above. After the addition of FBS 
followed by washing twice as described above, the resultant pellet was resuspended in 3 
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mL sterile physiological saline. To avoid the conditions in which colonies grown on the 
agar plate become too numerous to count, some of the samples were further diluted with 
physiological saline. Then, 50 µL each of undiluted and diluted samples was plated on 
SDA plates. After 16, 20, 24, and 36 h of incubation at 37℃, photographs of the agar 
plates were taken. Binary images of the photographs were processed, and the total area 
(mm2) of the colonies was calculated using ImageJ (an image processing program) 
provided by the Research Services Branch of the NIH. Only the colonies with a 
diameter of 0.5 mm or more were analyzed. The total area of the colonies was divided 
by the number of colonies to calculate the average area (mm2) per colony. All tests were 
performed in three independent assays. 
 
2-2-5. Flow cytometric measurement of forward and side scatter (FS and SS) of 
light 
 
The flow cytometric measurement of FS and SS of light was performed 
essentially as described in an earlier report [66]. A fungal suspension of C. albicans was 
treated with pure water or the two-fold serial dilutions of AEW for 10 s as described 
above. After the addition of FBS followed by washing twice as described above, the 
resultant pellet was resuspended in 3 mL sterile physiological saline followed by the 
flow cytometric measurement with a flow cytometer (Cytomics FC500, Beckman 
Coulter, Brea, CA, USA). The sample flow rate was set at medium. The instrument 
settings were as follows: FS, 637 V; SS 1000 V; and threshold value, 100 for FS. Each 
sample was analyzed for 10,000 events or yeast cells. Electronic gates were set up based 
on cells in control experiments (treated with pure water). Cell debris and clusters below 
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the gates were not included in sample analyses. The samples were analyzed for FS and 
SS to obtain the percentile of the cells within the gated area. 
 
2-2-6. Flow cytometric measurement of reactive oxygen species (ROS) 
 
Single cell analysis of hydroxyphenyl fluorescein (HPF; Sekisui Medical Co. Ltd., 
Tokyo, Japan) fluorescence was performed to determine the level of ROS in the cell. As 
a fluorescent probe, aminophenyl fluorescein (APF) could be used instead of HPF 
because APF can detect not only ROS but ClO－. However, it is proposed that ClO－ 
cannot penetrate into microbial cells because lipid bilayer of plasma membrane prevents 
ion from penetrating [67]. Thus, to avoid the interference effect of extracellular ClO－, 
HPF was used in the experiment. A fungal suspension of C. albicans was treated with 
pure water or the 2-fold serial dilutions of AEW for 10 s as described above. After the 
addition of FBS followed by washing twice as described above, the resultant pellet was 
resuspended in 3 mL of 5 µM HPF dissolved in phosphate buffered saline (PBS; pH 
7.4). Immediately after and after 24 h of resuspension, samples were analyzed by the 
flow cytometer (Cytomics FC500), with excitation at 488 nm and emission at 525 nm. 
Ten thousand cells were measured for each sample. The shift in fluorescence was 
calculated as the difference between the average fluorescence of the population in the 
AEW treatment groups and the average in the control group (pure water treatment). In 
an experiment where the quenching effect of DMSO on HPF fluorescence was 
examined, the fungal cells were treated in the same way as described above except that 
the pellet was resuspended in 3 mL of the mixture of 5 µM HPF and 100 mM DMSO in 
PBS, followed by the flow cytometric analysis. 
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2-2-7. Statistical analyses 
 
The statistical significance of the colony size of C. albicans between the control 
and 16-times diluted AEW group was assessed by the Student’s t test. The statistical 
significance of the percentile of the cells within the gated area in the flow cytometric 
measurement of FS and SS, and that of the calculated shift in fluorescence in the flow 
cytometric measurement of ROS from the corresponding control groups were assessed 
by Dunnett’s multiple comparison test. The statistical significance of the calculated shift 
in fluorescence in which the quenching effect of DMSO was examined among the 
groups was assessed by the Tukey–Kramer multiple comparison test. P values of < 0.05 
were considered to be significant. 
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2-3. Results 
 
2-3-1. Growth curve in the broth and colony growth on the agar after the 
short-term exposure to dilute AEW 
 
Figure 11 shows the growth curve of C. albicans treated with different dilutions 
of AEW for 10 s. AEW diluted 32 and 64 times did not affect the growth of C. albicans 
compared with that of the control (pure water treatment). In contrast, undiluted AEW 
and AEW diluted two and four times completely inhibited the fungal growth. Delayed 
growth of the fungal cells was observed only when they were treated with AEW diluted 
16 times. This delayed growth was reproducibly observed in additional experiments. In 
the culture experiment in which the fungicidal effect of dilute AEW was examined, only 
AEW diluted 16 times showed a sublethal or partially lethal effect on C. albicans. The 
recovered number of living C. albicans cells was 1.7 × 105 cells/ mL (final volume was 
3 mL) of control and 2.2 × 103 cells/mL when treated with AEW diluted 16 times. The 
recovered cells/ mL of C. albicans treated with AEW diluted eight times or fewer were 
below the detection limit (< 1 × 102 cells/mL), and AEW diluted 32 and 64 times 
showed no lethal effect on C. albicans. To examine the effect of inoculum size on the 
growth of C. albicans, the growth of C. albicans at an inoculum size of 2 × 103 cells/mL 
was monitored. We observed delayed fungal growth compared with that of the control, 
but the delay was apparently milder than that of C. albicans treated with AEW diluted 
16 times (data not shown). Figure 12 shows the quantitative analysis of colony size 
grown on the agar plates. The colony size of C. albicans treated with AEW diluted 16 
times was significantly smaller than that of the control (pure water treatment) 24 h after 
incubation (Fig. 12). After incubation for 36 and 48 h, no differences in the colony size 
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between the two groups were detected. The reproducibility was confirmed by an 
additional experiment. 
 
 
 
 
Fig. 11   
Growth curve of Candida albicans in RPMI 1640 medium buffered with 0.165 M 
MOPS. C. albicans was pretreated with two-fold serial dilutions of acid 
electrolyzed water (AEW) for 10 s. Each value represents the mean of three 
independent assays. 
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Fig. 12   
Time course of changes in the colony growth of C. albicans on sabouraud 
dextrose agar. C. albicans was pretreated with AEW diluted 16 times for 10 s. 
Each value represents the mean of three independent assays with standard 
deviation. A significant difference between the two groups is shown as P < 0.01 
(**). 
 
 
38 
 
2-3.2. Flow cytometric analyses of C. albicans after the short-term exposure to 
dilute AEW 
 
Figure 13a shows the FS versus SS contour plot profiles of C. albicans treated 
with dilute AEW for 10 s. When C. albicans cells were treated with undiluted AEW, the 
SS value of each cell tended to move towards a lower level than that of control cells, 
while the cytogram of C. albicans cells treated with AEW diluted 16 times was very 
similar to that of control cells. Figure 13b summarizes the percentage of the cells in the 
gated area in which more than 90% of control cells was involved. The percentage of 
gated C. albicans cells treated with undiluted AEW and AEW diluted four times was 
significantly lower than that of control cells, while that treated with AEW diluted 16 and 
64 times was almost the same as that of control cells. Figure 14a shows representative 
histograms of HPF fluorescence after treatment with dilute AEW for 10 s. The 
histogram of the cells was shifted when the cells were treated with AEW diluted 16 
times or fewer; this shift was observed not only immediately after the treatment but also 
24 h after the treatment, indicating that ROS was continuously present in the cells. 
Figure 14b summarizes the calculated shift in fluorescence as the difference between the 
average fluorescence of the population in the AEW treatment groups and the average in 
the untreated group without HPF load. Single-cell analysis by the flow cytometer 
showed a significant shift in HPF fluorescence in response to treatment with AEW 
diluted ≦16 times both immediately and 24 h after the treatment; in the both cases, the 
greatest shift was observed with undiluted AEW. 
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Fig. 13   
Representative cytograms of C. albicans treated with designated dilutions of 
AEW (a), and the percentage of the cells within the gated area in which more 
than 90% of control cells was involved (b). Each value in (b) represents the 
mean of three independent assays with standard deviation. Significant 
differences from the control group are shown as P < 0.01 (**). 
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Fig. 14   
Representative histograms of hydroxyphenyl fluorescein (HPF) fluorescence 
immediately and 24 h after treatment with designated dilutions of AEW (a), and 
the calculated shift in fluorescence as the difference between the average 
fluorescence of the population in the AEW treatment groups and the average in 
the untreated group without HPF load (b). 
Each value in (b) represents the mean of three independent assays with 
standard deviation. Significant differences from the corresponding control 
groups are shown as P < 0.01 (**). 
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2-3-3. Effect of DMSO, an ˙OH scavenger, on the growth curve and HPF 
fluorescence of C. albicans 
 
Figure 15 shows the growth curve of C. albicans exposed to AEW diluted 16 
times in the presence or absence of 100 mM DMSO. When C. albicans exposed to pure 
water was cultured in the presence of 100 mM DMSO, no growth delay was observed, 
indicating that 100 mM DMSO was not cytotoxic to C. albicans cells. When C. 
albicans was exposed to AEW diluted 16 times, the growth of C. albicans was delayed 
as in Fig. 11, and the delayed growth of C. albicans was partially cancelled by the 
presence of 100 mM DMSO.  
Figure 16a shows representative histograms of HPF fluorescence 24 h after 
treatment with AEW diluted 16 times for 10 s. The histogram of the cells was shifted 
when the cells were treated with AEW diluted 16 times as in Fig. 14a, and this shift was 
completely prevented in the presence of 100 mM DMSO. Figure 15b summarizes the 
calculated shift in fluorescence as the difference between the average fluorescence of 
the population in the treated groups and the average in the untreated group without HPF 
load. A significant shift in HPF fluorescence in response to treatment with AEW diluted 
16 times was observed as in Fig. 14b, and this shift was completely abolished in the 
presence of 100 mM DMSO. 
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Fig. 15    
Growth curve of C. albicans in RPMI 1640 medium buffered with 0.165 M MOPS 
in the presence of DMSO. C.albicans was pretreated with AEW diluted 16 times 
for 10 s. Each value represents the mean of three independent assays. 
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Fig. 16   
Representative histograms of HPF fluorescence in the presence or absence of 
DMSO 24 h after treatment with AEW diluted 16 times (a), and the calculated 
shift in fluorescence as the difference between the average fluorescence of the 
population in the treatment groups and the average in the untreated group 
without HPF load (b). Each value in (b) represents the mean of three 
independent assays with standard deviation. Significant differences (P < 0.01) 
between two groups are indicated by the same letter. 
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2-4. Discussion 
 
This study demonstrated that the dilute AEW could exert PAFE-like activity 
against C. albicans. PAFE has been considered to be a valuable parameter for the 
evaluation of antifungals. In this study, treatment with AEW diluted 16 times clearly 
delayed the fungal growth in the broth culture. However, AEW diluted 16 times showed 
a slight fungicidal effect on C. albicans as demonstrated in the culture experiment, 
reducing the initial number of living cells in the broth culture study. Nonetheless, 
because the growth delay of C. albicans at an initial inoculum of 2 × 103 cells/mL was 
clearly milder than that of C. albicans treated with AEW diluted 16 times in which the 
initial number of living cells was also approximately 2 × 103 cells/mL, the growth delay 
of C. albicans cells treated with AEW diluted 16 times was at least partially attributable 
to impaired cell growth. In addition, to eliminate the effect of the initial number of 
living cells, the colony growth was then evaluated on agar medium. Similar to the broth 
culture, treatment with AEW diluted 16 times delayed the colony growth of C. albicans. 
As is the case with PAE, PAFE is commonly defined as the time which is required 
for the fungal cell to recover from the transient injury sustained by the organism as a 
result of a brief exposure to an antifungal drug. Regarding antifungals, amphotericin B 
physically creates pores in the cytoplasmic membrane of fungal cells, rendering it 
biologically nonfunctional; the effect is rapid and requires only a short exposure to 
inflict a prolonged crippling effect on the cell [49]. In the case of fungistatic triazoles, 
PAFE could be induced by the prolonged time required for the depletion of lanosterol in 
the fungal cell by inhibiting cytochrome P450-dependent lanosterol demethylase [49]. 
Fuursted et al. suggested that two types of injury were possibly involved in the 
45 
 
mechanism of PAE caused by disinfectants. One type of injury is a chemical injury by 
which the cell membrane is destroyed, and the resynthesis of macromolecules for repair, 
a slow process, is required [7]. The other type of injury is a physical injury by which the 
configurations of membrane components are altered, and re-organization for repair, a 
rapid process, is required. Thus, the PAE is extended by the chemical injury more than 
the physical injury. Although our previous study showed that the active ingredient of 
AEW is HClO and not ˙OH [46], antibacterial mechanisms of HClO are thought to be 
partially attributable to ROS, including superoxide anion, H2O2, and highly reactive 
˙OH, which might be formed in the bacterial cells from HClO [68, 69]. The present 
study supports the idea that ROS in the C. albicans cells are involved in the antifungal 
activity of AEW because the intensity of HPF fluorescence increased in the fungal cells 
when they were pretreated with a range of AEW dilutions, which partially or completely 
inhibited the following fungal growth in broth culture. The increased HPF fluorescence 
was abolished in the presence of DMSO, a potent ˙OH scavenger [32, 37-39], 
suggesting that the ROS that increased in the C. albicans cells was likely ˙OH. This was 
also supported by the observation that the delayed growth of C. albicans exposed to 
AEW diluted 16 times was partially prevented in the presence of noncytotoxic 
concentrations of DMSO. In the flow cytometric measurement of FS and SS of light, 
treatment with AEW diluted 16 times did not affect the cytogram of the C. albicans 
cells. Because FS and SS reflect cell size and intracellular complexity, respectively [70, 
71], AEW diluted 16 times did not cause notable morphological changes in the fungal 
cells. Nonetheless, ROS were produced in the cells treated with AEW diluted 16 times. 
Therefore, it would be expected that the ROS produced in the cell could induce PAFE to 
the extent that the ROS would not cause morphological changes in the fungal cell. 
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Regarding the underlying mechanism by which ROS are produced, three 
mechanisms might be involved. As an alternative unified mechanism of antibiotic 
killing, it was proposed that bactericidal compounds, irrespective of their mode of 
action, induce the formation of ROS, especially highly reactive ˙OH, by activating the 
electron transport chain [72, 73]. Similar to the case of bacteria, electron leakage from 
the electron transport chain of mitochondria in the AEW-treated C. albicans cells would 
reduce oxygen molecules (O2) to O2˙－. Then, the reaction between HClO and O2˙－ 
generates ˙OH in the following way [74–77]: HClO + O2˙－ → ˙OH + O2 + Cl－. 
Another mechanism is a Fenton-like reaction. That is, hydrogen peroxide (H2O2), which 
arises from the dismutation of super oxide anion radical (O2˙－), in combination with 
trace metals such as ferrous ions generates ˙OH in the following way: H2O2 + Fe2+ → 
˙OH + OH－ + Fe3+. A third mechanism is the one-electron reduction of HClO in the 
presence of ferrous ion to produce ˙OH in the following way [78, 79]: HClO + 
Fe2+→˙OH + Cl－ + Fe3+.  
In this study, increased HPF fluorescence in response to a range of diluted AEW 
was observed 24 h after the treatment. Because it has been demonstrated that the free 
available chlorine in AEW is quickly transformed into N-chloro compounds in the 
presence of amino acids or proteins [33], it would not be expected that the increased 
HPF fluorescence after 24 h was derived from HClO. In addition, it was reported that 
HPF functions as a fluorescence probe to detect selectively highly reactive ROS such as 
˙OH [80]. Therefore, it is likely that a Fenton-like reaction, as proposed above, is at 
least partially involved in the production of ˙OH. Because it is known that ˙OH causes 
lipid peroxidation and oxidative damage to DNA, RNA, and proteins [58–60], sublethal 
amounts of ˙OH would probably induce PAFE on the fungal cells. Of recent advances in 
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the methods of intracellular ROS detection, electron spin resonance approaches have 
been tried by developing suitable spin probes [81]. Thus, we will try to determine 
oxygen radical species in C. albicans cells exposed to AEW by applying such 
approaches in the future study, because determination of oxygen radical species would 
be a critical point to elucidate the mechanism by which dilute AEW exerts PAFE. 
Concerning the application of AEW to the treatment of oral candidiasis, even if the 
fungi survive after the disinfection treatment with AEW, the regrowth of the surviving 
fungi could be delayed by the PAFE as demonstrated in this study. The PAFE would 
probably contribute to an extended interval of AEW application and give the time for 
the host immune defense system to attack the fungi. 
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Chapter Ⅲ 
Involvement of ROS in the cytotoxic effect of 
AEW 
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3-1. Introduction 
 
In the Chapter II, I revealed that HClO penetrating into the C. albicans would be 
converted to ROS, most likely ˙OH, which would cause cellular oxidative damages. 
Several studies have been conducted for a safety evaluation of AEW. Treatment of 
mouse fibroblasts with serial two-fold dilutions of AEW with distilled water resulted in 
cytotoxicity comparable to that of acidic hypochlorite solution [82]. Another study 
demonstrated that AEW was cytotoxic in human pulp cells in vitro but the cytotoxicity 
was mild when compared with that of sodium hypochlorite solution [83]. However, the 
mechanism by which AEW exerts its cytotoxic effect has not been discussed in these 
studies. In vivo, AEW has low toxicity, presumably owing to the presence of organic 
materials such as proteins and amino acids that rapidly transform free available chlorine 
in AEW into N-chloro compounds [33]. For instance, experiments were conducted in 
mice given free access to AEW as drinking water. No abnormal findings or 
measurements were observed in terms of visual inspection of the oral cavity, 
histopathological tests, or measurements of surface enamel roughness of teeth, perhaps 
because of rapid neutralization of chlorine in the AEW by saliva and protein [84]. 
Furthermore, peritoneal irrigation of experimental perforated peritonitis with AEW in 
rats showed no adverse effect [85]. 
In immune cells such as neutrophils and monocytes, myeloperoxidase catalyzes 
the formation of HOCl, which may then be responsible for transition metal-independent 
˙OH generation [74]. Thus it could be postulated that the cytotoxic effect of AEW on 
the mammalian cells was also induced by intracellular ˙OH as is the case with C. 
albicans cells as described in the Chapter II. The purpose of this study was to elucidate 
50 
 
whether the underlying mechanism by which AEW exerts its in vitro cytotoxic effect is 
dependent on intracellular ROS such as ˙OH. 
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3-2. Materials and Methods 
 
3-2-1. Preparation of AEW 
 
Preparation of AEW and determination of the characteristic values of the resultant 
AEW were essentially identical to those described in the Chapter I. The pH, ORP, and 
residual chloride concentration of the undiluted AEW were 2.2-2.7, ≥ 1100 mV, and 
50-60 mg/L, respectively. Two-fold serial dilutions of AEW were then prepared with 
pure water. In some experiments, the concentrations of free available chlorine, including 
Cl2, HClO, and ClO–, in AEW were determined by the 
N,N’-diethyl-p-phenylenediamine (DPD) standard method [33]. The H2O2 
concentrations in AEW were also determined by the colorimetric method based on the 
peroxide-mediated oxidation of Fe2+ followed by the reaction of Fe3+ with xylenol 
orange [65]. 
 
3-2-2. Cell culture and assay for viable cells 
 
3T3-L1 mouse fibroblasts were purchased from DS Pharma Biomedical Co., Ltd. 
(Osaka, Japan). Dulbecco's Modified Eagle Medium (DMEM, Thermo Fisher Scientific, 
Waltham, MA, USA) containing 10% fetal bovine serum (Thermo Fisher Scientific), 
100 U/mL of penicillin (Wako Pure Chemicals, Osaka, Japan), and 0.1 mg/mL of 
streptomycin (Wako Pure Chemicals) was used as a medium for cell culture. An aliquot 
(100 μL) of the cell suspension (2 × 104 cells/mL) was placed in each well of a 96 
well-culture plate. The plates were incubated at 37°C in humidified 5% CO2 for 23-25 
hr to reach subconfluence (20-30%) or 4 days to achieve 100% confluence. In the 
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experiment with sub-confluent cells, cells were washed with phosphate-buffered saline 
(PBS, pH 7.4) then treated with the two-fold serial dilutions of AEW (100 μL/ well) for 
30 sec before being washed with fresh medium. The cells were incubated in culture 
medium for a further 24 hr before determining cell viability by the methyl thiazolyl 
tetrazolium (MTT) assay, in which an insoluble formazan converted from MTT was 
colorimetrically quantified at 595 nm using a microplate reader (FilterMax F5; 
Molecular Devices, Sunnyvale, CA, USA). The MTT assay was performed using a 
TACS® MTT Cell Proliferation Assay kit (Trevigen Inc., Gaithersburg, MD, USA). In 
the experiment with 100% confluent cells, cells were treated exactly as for the 
sub-confluent cells, except that the number of viable cells was determined by MTT 
assay immediately after washing (i.e., no 24 hr incubation). In both experiments, cells 
treated with pure water instead of serial dilutions of AEW were used as the 
corresponding controls. To examine the effect of low osmotic stress by exposure of cells 
to pure water for 30 sec, phosphate buffered saline (PBS, pH 7.4)-treated group was 
added to the experiment with sub-confluent cells. In the group, cells were similarly 
treated with PBS for 30 sec. In addition, to confirm if low pH affects the cell viability, 
0.01 M NaH2PO4 solution (pH was adjusted to 2.5 by adding 1 M HCl) with 0.15 M 
NaCl was prepared as an isotonic solution with low pH, and effect of the solution on the 
cell viability was similarly examined in sub-confluent cells. 
 
3-2-3. Effect of bovine serum albumin (BSA) on AEW-induced cytotoxicity 
 
The bactericidal activity of AEW is attenuated in the presence of organic 
materials such as proteins and amino acids through quick transformation of free 
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available chlorine into N-chloro compounds [33]. I therefore tested the effect of BSA 
(Wako Pure Chemicals) on the AEW-induced cytotoxicity. Sub-confluent cells, plated as 
for the cytotoxicity assay, were washed with PBS and then treated with undiluted AEW 
supplemented with 12.5-100 μg/mL of BSA (100 μL/well) for 60 sec before washing 
with fresh medium and incubating for a further 26 hr in fresh medium. 
Cell viability was then assessed by MTT assay. Additionally, free available chlorine and 
H2O2 concentrations in the culture medium were determined. Control cells were treated 
with pure water instead of AEW for 60 sec and, after washing, were incubated in fresh 
medium. 
 
3-2-4. Intracellular ROS determination 
 
Cells at 100% confluence were washed twice with PBS and then treated with 
four-fold serial dilutions of AEW for 30 sec, then washed twice more with PBS. 
Intracellular ROS were determined immediately using an Oxiselect™ Intracellular ROS 
Assay kit (Cell Biolabs, Inc., San Diego, CA, USA) in accordance with the protocol 
provided by the manufacturer. In this assay, a cellpermeable probe 
(2’,7’-dichlorodihydrofluorescin diacetate (DCFH-DA)) is dissolved in serum free 
medium, diffuses into cells and is deacetylated to a nonfluorescent product, 
2’,7’-dichlorodihydrofluorescin (DCFH) by cellular esterases. In the presence of 
cytosolic ROS, DCFH is oxidized to a highly fluorescent 
2’,7’-dichlorodihydrofluorescein (DCF). In brief, after washing with PBS, 100 μL of 1 
mM DCFH-DA dissolved in serum free DMEM was added to each well followed by 
incubation at 37°C in humidified 5% CO2 for 1 hr. After washing twice with PBS, 100 
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μL of serum free DMEM and 100 μL of 2X Cell Lysis Buffer (provided by the kit) were 
added to each well followed by mixing thoroughly and incubation for 5 min. Then 150 
μL of the mixture was transferred to each well of a black 96 well culture plate for 
reading fluorescence at the excitation and emission wavelengths of 485 and 535 nm by 
using the microplate reader (FilterMax F5). In the experiment in which the effects of 
dimethyl sulfoxide (DMSO) as a ˙OH scavenger and proanthocyanidin (Leucoselect®, 
Indena S.p.A., Milan, Italy) as an antioxidant polyphenol were examined, cells at 100% 
confluence were washed twice with PBS and treated with undiluted or four times 
diluted AEW for 30 sec before being washed twice with PBS. Immediately after 
washing, 100 μL of 1 mM DCFH-DA containing 140 mM DMSO or 1 mg/mL of 
proanthocyanidin were added to each well (100 μL/well) and incubated for a further 1 hr. 
Intracellular ROS were then determined by the Oxiselect™ technique as described 
above. In some specimens cultured in chamber slides and similarly treated with AEW, 
fluorescence microscopy was performed using a fluorescence microscope (Leica DM 
4500 B; Leica Microsystems, Wetzlar, Germany). Control cells treated with pure water 
instead of serial dilutions of AEW were used as controls. Regarding the timing of 
DCFH-DA load to determine intracellular ROS, desired timing was before the AEW 
treatment. However, since we confirmed that both DMSO and proanthocyanidin 
reduced free available chlorine in AEW to below the detection limit, DCFH-DA load 
with these scavengers could not be conducted before the AEW treatment. 
 
3-2-5 Statistical analysis 
 
The experiments investigating the cytotoxicity of twofold serial dilutions of AEW, 
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the cytotoxicity of AEW in the presence of BSA, and measuring the intracellular ROS 
induced by four-fold serial dilutions of AEW were statistically compared with their 
respective control groups by Dunnett’s multiple comparison test. The statistical 
significance of differences in the cytotoxicity of pure water and the low pH isotonic 
solution, and the intracellular ROS induced by AEW in the presence of either DMSO or 
proanthocyanidin were assessed by the Tukey-Kramer multiple comparison test. P 
values of less than 0.05 (P < 0.05) were considered to be significant. 
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3-3. Results   
 
3-3-1. The cytotoxic effect of two-fold serial dilutions of AEW and effect of low 
osmolality 
 
Figure 17a shows the cytotoxic effect of two-fold serial dilutions of AEW on cells 
in the mitotic phase (i.e., sub-confluent cells). When cells in the mitotic phase were 
treated with two-fold serial dilutions of AEW for 30 sec, cell viability (compared with 
control) was significantly reduced at 24 hr after treatment with AEW preparations 
diluted four times or less. Viability of cells treated with undiluted AEW was only ~20% 
of that in the control. Figure17b shows the effect of pure water used as the control in Fig. 
17a and the low pH isotonic solution on cells in the mitotic phase. Regarding the effect 
of low osmolality by exposing cells to pure water, cell viability was reduced to 
approximately 65% of that in the PBS treated group showing that exposure of pure 
water even for only 30 sec exerted cytotoxic effect in some degree. As for the effect of 
low pH on the cell viability, since the isotonic solution with pH 2.5 showed no 
significant effect on the cell viability as compared with that in the PBS-treated group, 
low pH seemed to exert no toxic effect at least under the condition of 30 sec exposure.  
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Fig.  17 
(a) Viability of sub-confluent mouse fibroblasts at 24 hr after treatment with 
two-fold serial dilutions of AEW, and (b) treatment with phosphate buffered 
saline (PBS) and the low pH isotonic solution (pH 2.5). Value are the mean with 
standard deviation ((a) n = 3, (b) n = 4). (a) Significant differences (P < 0.01 vs. 
control) are denoted by **, and (b) significant differences (p < 0.01) within each 
group are denoted by different letters (i.e., bars with the same letter are not 
significantly different). 
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3-3-2. The cytotoxic effect of AEW in the presence of BSE 
 
Figure 18 shows that BSA protects against the cytotoxic effect of AEW. BSA 
reduced the levels of both free available chlorine and H2O2 (Fig. 18a). Furthermore, the 
cytotoxicity of undiluted AEW (applied for 60 sec) was reduced in a dose-dependent 
manner by BSA, up to ~80% in the presence of 100 μg/mL of BSA (Fig. 18b). 
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Fig.  18 
Effect of bovine serum albumin (BSA) on a) the concentration of free available 
chlorine and H2O2, and b) the viability of sub-confluent mouse fibroblasts treated 
with AEW in the presence of increasing concentrations of BSA. Values are the 
mean with standard deviation (n = 3). Significant differences (vs. control) are 
denoted by * (P < 0.05) and ** (P < 0.01). 
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3-3-3. The cytotoxic effect of two-fold serial dilutions of AEW on full confluent 
mouse fibroblasts  
 
Figure 19 shows the cytotoxic effect of two-fold serial dilutions of AEW on fully 
confluent cells. When treated for 30 sec, there was no observable cytotoxic effect when 
the AEW was diluted by four times or more. A significant reduction in viability was 
observed in cells treated with undiluted and two-times diluted AEW, but nevertheless 
remained at ~60 and ~80% of control, respectively.  
 
Fig.  19 
Viability of 100% confluent mouse fibroblasts after treatment with two-fold 
serial dilutions of AEW. Values are the mean with standard deviation (n = 3). 
Significant differences (vs. control) are denoted by * (P < 0.05) and ** (P < 
0.01). 
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3-3-4. Intracellular ROS formation in mouse fibroblasts treated with four-fold 
serial dilutions of AEW 
 
Figure 20a shows a fluorescence microscopy image of ROS production in the 
100% confluent cells treated with undiluted AEW for 30 sec, in which DCF 
fluorescence can be clearly observed. The intracellular ROS level in these 100% 
confluent cells after treatment with four-fold serial dilutions of AEW for 30 sec was also 
determined. A significant increase in intracellular ROS was observed in cells treated 
with AEW diluted four times, and a dramatic increase (~10-fold, vs. control) was seen 
in cells treated with undiluted AEW (Fig. 20b). 
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Fig.  20 
a) Representative fluorescence microscopy image of intracellular reactive 
oxygen species (ROS) in 100% confluent mouse fibroblasts treated with pure 
water (control) and undiluted AEW. b) Intracellular ROS level in cells treated with 
four-fold serial dilutions of AEW. Values are the mean with standard deviation (n 
= 4). Significant differences (vs. control) are denoted by ** (P < 0.01). 
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3-3-5. Effect of dimethyl sulfoxide (DMSO) and proanthocyanidin (PA) on 
intracellular ROS levels in mouse fibroblasts treated with AEW 
 
As shown in Fig. 21, this increased intracellular ROS level induced by AEW 
was significantly reduced by the application of 140 mM DMSO or 1 mg/mL of 
proanthocyanidin in combination with 1 mM DCFH-DA for 1 hr. Increased ROS levels 
induced by a 1/4 dilution of AEW were reduced back to baseline by both DMSO and 
proanthocyanidin (Fig. 21a). Similarly, DMSO and proanthocyanidin both produced 
significant (but not total) reductions in the ROS levels induced by undiluted AEW (Fig. 
21b). It was confirmed that 140 mM DMSO and 1 mg/mL of proanthocyanidin were not 
themselves cytotoxic. Since it seemed to be important to confirm if the ROS scavengers 
could ameliorate cytotoxic effect of AEW, we examined the effect of DMSO on the 
viability of the cells exposed to AEW. However, post-treatment with DMSO failed to 
rescue the cells treated with AEW (data not shown). It was presumed that dead cells 
suffered from lethal effect during AEW treatment. Indeed, as shown in the result in Fig. 
19, in which the MTT assay was initiated immediately after AEW treatment, viability 
was significantly reduced in the cells treated with undiluted and two-times diluted AEW. 
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Fig.  21 
Effect of dimethyl sulfoxide (DMSO) and proanthocyanidin (PA) on intracellular 
reactive oxygen species (ROS) levels in 100% confluent mouse fibroblasts 
treated with AEW diluted four times (a) and undiluted (b). After AEW treatment, 
DMSO(140 mM) or PA (1 mg/mL) were applied for 1 hr with 1 mM DCFH-DA. 
Values are the mean with standard deviation(n = 4). Significant differences (p < 
0.05) within each group are denoted by the different letters (i.e., bars with the 
same letter are NOT significantly different). 
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3-4. Discussion 
 
This study demonstrated that treating mouse fibroblasts with AEW produces 
dilution rate-dependent cytotoxic effects on cells in both the mitotic and 100% confluent 
phases. This cytotoxic effect was neutralized to a degree by BSA, which also decreases 
the concentrations of free available chlorine and H2O2. It is therefore possible that HClO 
and H2O2 are responsible for the cytotoxic effects of AEW. However, treatment of 
mitotic phase cells with H2O2 (125-1,000 μM for 30 sec) was not cytotoxic (data not 
shown), suggesting that HClO, but not H2O2, was responsible for the cytotoxic effect of 
AEW. In immune cells such as neutrophils and monocytes, it has been reported that 
myeloperoxidase catalyzes the formation of HOCl, which may then mediate transition 
metal independent ˙OH generation as follows [74]: 
HOCl + O2˙－ → ˙OH + O2 + Cl－ 
where the superoxide anion radical (O2˙－) would be derived from the mitochondria. In 
my study, a significant increase in intracellular ROS formation was observed in cells 
treated with AEW, in which HClO penetrating through the cell membrane would be 
converted to ˙OH in the same manner as in immune cells. However, it may also be 
formed via an alternative mechanism, namely the one electron reduction of HOCl in the 
presence of ferrous ion to produce ˙OH as follows [78, 79]: 
HOCl + Fe2+ → ˙OH + Cl－ + Fe3+ 
These results suggest that the cytotoxicity of AEW is caused by intracellular ROS, 
presumably ˙OH, derived from HClO penetrating through the cell membrane. To 
confirm that what kinds of ROS are involved in the cytotoxic effect of AEW and to 
elucidate the mechanism of ROS formation, further study should be required. 
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General Conclusion 
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In Chapter I, I have demonstrated by applying the ESR spin trapping technique 
that even though ˙OH is generated via H2O2 in AEW, the radical is not a contributor to 
the bactericidal activity of AEW.  
Regarding the active agents in AEW, it was confirmed that HClO is a major 
contributor to the bactericidal activity of AEW.  Since DMSO, a representative ˙OH 
scavenger abolished the bactericidal action of AEW, it seemed to be that ˙OH could be 
responsible for the bactericidal action. However, I proved that DMSO interacts with 
HClO, which results in abolished bactericidal activity of AEW. In addition, the other 
˙OH scavenger used in this study HCOONa did not affect the bactericidal activity of 
AEW, strongly suggested that ˙OH in AEW would not be involved in the bactericidal 
activity. Alternatively, FBS as well as DMSO interacted with HClO resulting in 
abolished activity, strongly supporting the idea that HClO is a primary active ingredient 
for the bactericidal activity of AEW. 
 
In Chapter II, I have demonstrated that the ROS, especially ˙OH, produced in the 
C. albicans cells treated with AEW could damage the fungal cells. 
Since the intensity of HPF fluorescence increased in the fungal cells 
concomitantly with the delayed fungal growth when they were pretreated with a range 
of AEW dilutions, the increased intracellular ROS would damage the fungal cells. 
Indeed, DMSO that has an ability to scavenge ˙OH, not only decreased intracellular 
ROS but also ameliorated the damage of fungal cells caused by AEW, strongly 
suggesting that ˙OH generated inside the cells would be a major contributor of 
antifungal activity of AEW against C. albicans. 
Combined with the results obtained in the Chapter I, HClO penetrated into the cells 
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would be a source of the ˙OH. Regarding the underlying mechanism by which ROS are 
produced, three mechanisms might be involved as follows: 1) electron leakage from the 
electron transport chain of mitochondria in the AEW-treated C. albicans cells would 
reduce oxygen molecules (O2) to O2˙－, and then the reaction between HClO and O2˙－ 
generates ˙OH as in the following way, HClO + O2˙－ → ˙OH + O2 + C1－, 2) H2O2, 
which arises from the dismutation of O2˙－, and trace metals such as ferrous ions would 
generate ˙OH as in the following way, H2O2 + Fe2+ →˙OH + OH－ + Fe3+ (a Fenton-like 
reaction), and 3) the one-electron reduction of HClO in the presence of ferrous ion 
would produce ˙OH as in the following way, HClO + Fe2+ → ˙OH + Cl－ + Fe3+.  
 
In Chapter III, I have demonstrated that the in vitro cytotoxicity of AEW is 
attributable to increased intracellular ROS, at least in part ˙OH. 
Since the increase in intracellular ROS was attenuated by post-treatment with 
DMSO and the antioxidant polyphenol proanthocyanidin both of which have a potent 
ability to scavenge ˙OH, at least in part ˙OH was involved in the ROS. In immune cells 
such as neutrophils and monocytes, it has been reported that myeloperoxidase catalyzes 
the formation of HOCl, which may then mediate transition metal-independent ˙OH 
generation as in the following way, HOCl + O2˙－ → ˙OH + O2 + Cl in which the O2˙－ 
is derived from the mitochondria. In my study using mouse fibroblasts, HClO 
penetrating through the cell membrane would be converted to ˙OH in the same manner 
as in immune cells. In addition, as is the case with the C. albicans cells described in the 
Chapter II, the ˙OH may also be formed via an alternative mechanism, namely the 
one-electron reduction of HOCl in the presence of ferrous ion to produce ˙OH as 
follows: HOCl + Fe2+ → ˙OH + Cl + Fe3+. Nonetheless, these results suggest that the 
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cytotoxicity of AEW is caused by intracellular ROS, presumably ˙OH, derived from 
HClO penetrating through the cell membrane. 
 
Taken all together into consideration, antimicrobial activity of AEW is mediated 
by intracellularly formed ˙OH from HClO penetrating into microbial cells as illustrated 
in Fig. 22. This schematic illustration could be applied to the cytotoxic effect of AEW 
on mammalian cells. However, since the process of “HClO + O2˙－ → ˙OH + O2 + Cl
－”could not be applicable to anaerobes, I would like to further examine the toxic 
mechanism of AEW on the anaerobes in the near future. 
  
 
 
Fig. 22  
Schematic illustration for the proposed antimicrobial mechanism of AEW 
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